ABSTRACT: In this work, we report the design, fabrication, and characterization of novel biochemical sensors consisting of nanoscale grooves and slits milled in a metal film to form twoarm, three-beam, planar plasmonic interferometers. By integrating thousands of plasmonic interferometers per square millimeter with a microfluidic system, we demonstrate a sensor able to detect physiological concentrations of glucose in water over a broad wavelength range (400−800 nm). A wavelength sensitivity between 370 and 630 nm/RIU (RIU, refractive index units), a relative intensity change between ∼10 3 and 10 6 %/RIU, and a resolution of ∼3 × 10 −7 in refractive index change were experimentally measured using typical sensing volumes as low as 20 fL. These results show that multispectral plasmonic interferometry is a promising approach for the development of high-throughput, real-time, and extremely compact biochemical sensors. KEYWORDS: Plasmonic interferometers, surface plasmon polariton (SPP), nanoslits, nanogrooves, focused ion beam (FIB) milling, biosensor, glucose sensor 11,12 Among the various techniques, SPR has been one of the most successful in the development of biochemical sensors in the last 30 years. It is known that by using metal-dielectric nanostructures (such as grooves, slits and holes)
T he past several decades have seen a rapidly growing interest in the field of biological and chemical sensing. Many optical methods have been developed, based on fiber optics, 1, 2 Mach−Zehnder interferometry, 3 ring resonators, 4 surface enhanced Raman scattering (SERS), 5−10 and surface plasmon resonance (SPR). 11, 12 Among the various techniques, SPR has been one of the most successful in the development of biochemical sensors in the last 30 years. It is known that by using metal-dielectric nanostructures (such as grooves, slits and holes) 13−15 or a prism, 16−19 light at optical frequencies can be efficiently coupled to surface plasmon polaritons (SPPs). 20−27 SPPs are electromagnetic waves coupled to oscillations of free electrons in a metal characterized both by maximum field amplitudes at the metal surface and by wavelengths much shorter than that of the incident light. Being confined at the metal surface, SPPs can be very sensitive to changes in the dielectric properties of the materials they propagate through. With this ideal property, SPPs have been used extensively to sense the presence of biological and chemical analytes in real time. 28−42 Typical SPR implementations rely on a prism or metallic gratings (such as groove, slit and hole arrays) to couple the incident beam into propagating SPPs, using light incident at a wavelength-specific angle. Also widely used are localized surface plasmon resonances (L-SPRs) in metal nanoparticles producing resonant scattering and extinction at specific frequencies. 43−45 Given the resonant nature of the SPP excitation, practical implementations of SPR-based sensing schemes are limited in the number and range of wavelengths that can be used to sense the presence of analytes, 28−42 thus further limiting their spectroscopic capabilities.
In this work, we develop a nanoscale plasmonic interferometer consisting of two grooves flanking a slit in a silver film. The two grooves scatter a normally incident white light beam into multifrequency SPPs, counter-propagating at the metal/ dielectric interface. The field amplitudes of the two SPP waves interfere with the incident field at the slit location, thus causing a modulation in the light intensity transmitted through the slit. The transmitted intensity depends on wavelength, refractive index, and it can also be tuned by simply varying the groove-slit separation distances (i.e., the lengths of the two interferometer arms). Since SPPs are strongly confined at the metal/dielectric interface, a far-field measurement of the light intensity transmitted through the slit carries information about the near-field interaction of the SPPs with the dielectric material. This makes SPPs useful to determine the refractive index and the concentration in solution of unknown chemical analytes, only a few tens or hundreds of nanometers above the metal surface. Furthermore, SPPs can be generated at multiple frequencies simultaneously using the same groove and incoupling angle, thus enabling operation of the plasmonic interferometer even at frequencies far from the metal resonance, and extraction of the analyte dispersion relation in a broad wavelength range. Hence, plasmonic interferometers offer a novel scheme for SPP excitation and refractive index detection using SPP interference, retaining real-time and labelfree sensing capabilities of existing technologies.
In this paper, we present on the design, fabrication, and characterization of plasmonic interferometers using glucose as a model analyte to assess their sensing capabilities. Plasmonic interferometers consisting of groove-slit (GS) and groove-slitgroove (GSG) structures were fabricated in a 300-nm-thick silver film by focused ion beam milling (see the Supporting Information, section 1), with groove-slit separation distances varying from 0.2 − 10 μm in steps of 25 nm. Figure 1(a) shows a scanning electron microscopy (SEM) image of a representative GSG plasmonic interferometer consisting of a 100-nmwide, 300-nm-deep, 10-μm-long slit flanked by two 200-nmwide, ∼20-nm-deep, 10-μm-long grooves (as determined by cross-sectional and top-view SEM images, as reported in the Supporting Information, Figure S1 ). A column of identical single-slit devices was also milled to serve as a reference for normalization of the raw transmitted intensity spectra measured for GS and GSG plasmonic interferometers. An SPP interference model was developed to predict the optical response for the plasmonic interferometer, extending reported models dealing with groove diffraction and SPP interference. 13−15,46−50 As shown in Figure 1b , light incident upon the left-side groove generates SPPs propagating toward the slit. At the slit location, and for each frequency, the SPP (with complex amplitude E SPP1 ) will interfere with the coherent incident beam (E 0 ). Light incident on the right groove also excites SPPs with amplitude E SPP2 , traveling along the metal surface and interfering with the incident beam and the other SPP wave at the slit location. Though the slit can also generate SPPs, these are mainly scattered back in free space by out-ofplane scattering once they reach the neighboring grooves. Therefore, slit-generated SPPs do not contribute significantly to the transmitted intensity through the same slit. Accordingly, for this model, only the SPPs originating from the two grooves will be considered. This assumption is verified by the excellent agreement between simulated and experimental results.
The resulting total transmitted intensity through the slit of a GSG two-arm plasmonic interferometer is given by
where I S is the light intensity transmitted through an isolated slit, subscripts 1 and 2 denote the SPP contributions originating from the left and right groove, respectively, β 1,2 accounts for the effective efficiency of SPP excitation via diffractive scattering by each groove, and φ 1,2 is the total phase shift of the SPP including a complex phase accounting for propagation and absorption in the metal and dielectric material, and a scattering phase accrued by the SPP upon excitation by each groove, given by
where λ is the free-space wavelength of the incident beam, p 1,2 is the groove-slit distance, θ is the angle between the incident light beam and the normal to the sample surface (θ = 0 in this paper), n SPP is the complex refractive index of the SPP given by 20 where ε m is the complex dielectric constant of the metal, ε d is the complex dielectric constant of the material above the metal, n d is the refractive index of the dielectric material, and φ G1,2 is an additional phase shift due to the initial scattering by the groove. Clearly, for a given metal, the SPP propagative phase is affected by several tunable parameters, such as the incident wavelength (λ), the distance between the slit and the grooves (p 1,2 ), and the refractive index of the dielectric material, n d = ε d 1/2 . If the two grooves are identical and the dielectric material on top of each is the same, then the SPP excitation efficiencies and scattering phases at each groove are the same, i.e., β 1 = β 2 = β and φ G1 = φ G2 = φ G . The transmitted intensity through the slit (normalized to the light intensity transmitted through an isolated slit) then becomes 
where k SPP = 2πn SPP /λ and k = 2πn d /λ. As a result of the interference process between the SPP waves and the incident beam, the light intensity transmitted through the slit can be either enhanced or suppressed, depending on whether constructive or destructive interference occurs. In comparison, light transmitted through the slit of a plasmonic interferometer consisting of only one groove-slit pair will be the result of a two-beam interference (SPPs from a single groove plus the incident beam), which would result in reduced beatings and constructive/destructive interference effects (see the Supporting Information, Figure S2 ). The GSG plasmonic interferometers clearly show better sensitivity compared to GS devices and were chosen accordingly for the sensing experiments. To verify our model, the plasmonic interferometers were illuminated using a collimated, broadband light source normally incident upon the sample surface, with a power density of
. A 40× objective lens was used to collect the farfield light intensity transmitted through the slit of each plasmonic interferometer, then dispersed using a single-grating spectrograph and detected by a CCD camera. Spectral resolution of the optical setup was ∼0.4 nm; the number of counts and acquired spectra per experiment were adjusted to ensure a statistical error of <0.1% in the measured transmitted intensity. Figure 2b (solid line). Compared to an isolated slit, the light intensity transmitted through any given GSG plasmonic interferometer can be enhanced or suppressed depending upon the incident wavelength. The observed intensity modulation in the normalized transmission spectrum for a GSG device results from interference (at the slit location) between the two counter-propagating SPPs originating from inplane diffractive scattering of light at the two grooves, and the incident beam. The slit in between the two grooves effectively acts as a "spatial mixer" of the three field amplitudes (incidence beam plus the two SPP waves generated by diffractive scattering). The light intensity transmitted through the slit contains information of the relative phase difference and amplitude of the different beams. Figure 2b also reports the simulated normalized per-slit transmission through the slit of the GSG plasmonic interferometer (dashed line) using the model developed above. The agreement between experimental and simulated normalized per-slit transmission spectra verifies our hypothesis that transmission maxima and minima are the result of constructive and destructive interference between the SPPs and the incident beam at the slit location for various wavelengths. The results in Figure 2b also demonstrate that SPPs can be efficiently generated at multiple wavelengths simultaneously by using a single groove to scatter the incident beam, using the same angle of incidence (normal to the sample surface in this case). This is a novel capability not possible in previous SPR techniques based on prism-and grating-coupling approaches where SPPs can only be generated at a specific wavelength and/or angle of incidence (which depends upon the incident wavelength). varying p 2 = 0.25−2.0 μm, as a function of wavelength (400− 800 nm). To construct this color map, normalized transmission spectra or "wavelength profiles" (vertical gray box in Figure 3 ) for plasmonic interferometers with varying p 1 and p 2 were stacked according to increasing p 2 . The color of each point in the map corresponds to the simulated normalized transmitted intensity, i.e., I T (p 1 , p 2 , λ)/I S , for a plasmonic interferometer with a specific combination of slit-groove separation distances (p 1 and p 2 ) and wavelength (λ). The color bar reported in Figure 3 shows the scale for normalized transmitted intensity, with 1 representing the intensity transmitted through an isolated reference slit. From this map, a horizontal "cut" (for example at 600 nm, as indicated by the horizontal gray box in Figure 3 ) can reveal an intensity profile as a function of armlength p 2 , for a given incident wavelength. According to eq 3, the difference between intensity maxima and minima can be shown to be proportional to the SPP excitation efficiency from the groove. Therefore, such horizontal cuts in the experimental color maps are useful in determining the SPP excitation efficiency at various wavelengths (see the Supporting Information, Figures S3 and S4) .
In order to further validate this model, additional plasmonic interferometers were fabricated and the experimental ( Figure S4 ). Accordingly, color maps of transmitted intensity normalized to single slit for Ag/air and Ag/water interfaces were simulated, using the well-know dielectric constant for silver and water (see the Supporting Information, Figures S5−  S7) .
Since the phase and amplitude of an SPP wave can be affected by any chemical analytes encountered along its optical path due to an induced refractive index change, useful information about the kind and quantity of the analytes can be retrieved from the interference process. In other words, by measuring the far-field light intensity transmitted through the slit as a function of wavelength and monitoring the change caused by the presence of analytes in the near field, it is possible to estimate the amount and identity of the adsorbed chemical species.
To illustrate the feasibility of our sensing scheme, thousands of plasmonic interferometers were patterned onto a single biochip equipped with a polydimethylsiloxane (PDMS) microchannel (see the Supporting Information, section 8). Various concentrations of glucose solutions in water were flowed into and out of the microfluidic channel at a constant rate of 150 μL/min using two microsyringe pumps, and the transmitted light intensity was monitored for each plasmonic interferometer. The continuous flow together with the extremely low power density allowed the temperature of the device to be held constant throughout the sensing experiment. Glucose was chosen as a model analyte for our sensing experiments given that over 346 million people worldwide are affected by diabetes mellitus, 51 a chronic metabolic disorder that results from excessive glucose levels in the bloodstream generally due to insulin deficiency. Complications of diabetes include an increased risk of cardiovascular disease, chronic renal failure, or retinal damage, all of which can be reduced by frequent monitoring and controlling of blood glucose levels. It would be ideal to find alternative methods able to sense even lower glucose concentrations, potentially allowing the use of saliva for noninvasive glucose sensing and real-time monitoring. Figure 5 shows the experimental (solid lines) and simulated (dashed lines) normalized transmitted intensity spectra for two plasmonic interferometers with constant p 1 = 0.57 μm and different p 2 lengths: 1.85 μm (black lines) and 5.70 μm (red lines). From this figure, a greater number of intensity maxima and minima can be observed for the device with longer p 2 , resulting in more wavelengths at which constructive and destructive interference occurs. The increase in the number of peaks (and valleys) for plasmonic interferometers with longer p 2 is clearly demonstrated in the color map provided in the Supporting Information, Figure S7 . These results suggest that the device sensitivity can be improved at various wavelengths by simply increasing the groove-slit separation distance. This distance is only limited by the ohmic and scattering losses of SPPs, which reduce the SPP propagation length (see the Supporting Information, Figure S8) , and by the spatial and temporal degree of coherence between the SPPs and the incident beam, needed to determine the interference effect.
Based on results shown in Figure 5 , the device with p 1 = 0.57 μm and p 2 = 5.70 μm was chosen to perform the glucose sensing experiment. Figure 6a illustrates the normalized per-slit transmitted intensity spectra of this device, measured as a function of wavelength for increasing concentrations of an aqueous glucose solution. A wavelength shift (Δλ) is observed at all incident wavelengths. Increasing glucose concentration enhances the refractive index of the aqueous solution (the dielectric material), and results in a red-shifted interference spectrum. In contrast to existing approaches that use a single excitation (resonant) wavelength, plasmonic interferometers operate over a broad spectral range, enabling spectroscopic detection of the refractive index of chemical analytes as a function of wavelength. Thus, plasmonic interferometers allow for fingerprinting of any biochemical analytes, without resorting to labeling or surface functionalization with specific linkers. By correlating the wavelength shift with a known concentration, a calibration curve can be generated for each device and at various wavelengths simultaneously. where I glucose is the transmitted light intensity through the slit of a plasmonic interferometer at a specific glucose concentration, and I 0 = I water is the reference transmitted intensity through the slit of the same interferometer in pure water (i.e., zero glucose concentration). It is interesting to observe that some wavelengths do not show any significant change in transmitted light intensity, forming "nodes" that are characteristic of a specific interferometer. For this particular plasmonic interferometer with p 1 = 0.57 μm and p 2 = 5.70 μm, the maximum relative intensity change is achieved at an incident wavelength of 610 nm, with measured values up to 40%. In summary, by monitoring the Δλ and ΔI/I 0 at all wavelengths, glucose sensing over broad wavelength and concentration ranges is feasible. In Figure 7 , the performance of the same device was analyzed by plotting the experimental and simulated values for Δλ and ΔI/I 0 as a function of glucose concentration. The experimental (symbols) and simulated (solid line) Δλ at a center wavelength of 610 nm and ΔI/I 0 at 590 nm (red line and circles) and at 610 nm (black line and squares) are reported in Figure 7 , panels a and b, respectively. The simulated curves are in excellent agreement with the experimental data. Δλ and ΔI/I 0 show significant variation as a function of glucose concentration, and can therefore be used to infer the concentration of glucose in solution. Furthermore, as shown in Figure 7b , it is evident that at close but different wavelengths, the device response can be remarkably different, with higher sensitivity observed at 610 nm. Figure 8 shows a sensing performance comparison at 590 nm for four devices, three of which have a constant p 1 = 0.57 μm and varying p 2 = 1.85, 5.70, and 9.75 μm, and the fourth with p 1 = 5.70 μm and p 2 = 9.75 μm. Panels a and c in Figure 8 describe the wavelength shift, and panels b and d report the relative intensity change as a function of glucose concentrations, spanning 5 orders of magnitude, which correspond to a total refractive index change of only Δn = 0.02. The gray boxes in Figure 8b highlight the physiological concentration ranges of glucose in saliva (lighter gray area) and serum (darker gray area), respectively. Typical physiological concentrations range between 0.36 and 4.3 mg/dL in saliva and 50 and 144 mg/dL in serum. 52 The inset to Figure 8a shows representative relative intensity change spectra for a device with p 1 = 0.57 μm and p 2 = 9.75 μm measured at four glucose concentrations. By monitoring the changes in the experimental spectra taken at different glucose concentrations, scattered data of Δλ and ΔI/I 0 can be obtained, as plotted in Figure 8 for a wavelength of 590 nm. When panels a and b in Figure 8 are compared, it is observed that, at low glucose concentrations (0.1−500 mg/dL), Δλ does not show a significant change, whereas ΔI/I 0 is a more reliable parameter for detection of glucose. At higher glucose concentrations (500−14 000 mg/dL) both Δλ and ΔI/I 0 can be used to detect the presence of glucose and quantify its concentration. The dashed lines are calibration curves obtained by least-squares fittings of the scattered experimental data points. Clearly, the proposed plasmonic interferometers are able to sense the lowest glucose concentrations typically found in saliva. At all concentrations, ΔI/I 0 seems to outperform Δλ.
In order to better quantify the device sensitivity, figures of merit can be calculated as the slopes of the calibration lines obtained by fitting Δλ and ΔI/I 0 data as a function of concentration. In particular, by dividing the wavelength shift Δλ by the difference in the refractive index (Δn) between two glucose solutions (see the Supporting Information, eq S4 and Figure S9 ) we can define a figure of merit relative to the wavelength shift (FOM λ ) at each given concentration, i.e.
Similarly, dividing the difference in the relative intensity change ΔI/I 0 by Δn, the figure of merit relative to the intensity change (FOM I ) can be derived, at each concentration
The device with p 1 = 0.57 μm and p 2 = 9.75 μm (green triangles) shows a FOM I of ∼166 000%/RIU in the glucose concentration range typically found in saliva (0.2−8.0 mg/dL) and ∼10 000%/RIU in the concentration range typically found in blood serum (40−400 mg/dL). For the device with longer p 1 = 5.70 μm (orange circles), the measured FOM I is even higher, reaching ∼884 000 and ∼17 000%/RIU in the glucose concentration ranges for saliva and serum, respectively. This device is able to detect a refractive index change as low as 3 × 10 −7 RIU. Experimentally, the relative intensity change is found to be a better figure of merit for detection of low glucose concentrations. The data suggest that at the lowest glucose concentrations, adsorption of glucose molecules directly onto the metal surface of the plasmonic interferometer determines an increased glucose concentration right at the device surface and higher FOM I than those simulated using a uniform glucose concentration in solution. Functionalization of the sample surface with linkers specific to glucose can further increase the device sensitivity. At higher glucose concentrations (500−14 000 mg/dL), FOM λ is between 370 and 630 nm/RIU for the three devices (Figure 8c ). The device with p 1 = 0.57 μm and p 2 = 9.75 μm, shows a decrease in FOM I from ∼16 000%/RIU (Figure 8b ) to ∼1000%/RIU (Figure 8d ), in agreement with the trend observed in the simulations, showing that plasmonic interferometers optimized for detection of low refractive index changes are indeed characterized by higher figures of merit at lower glucose concentrations (see the Supporting Information, Figures S10−S12). The measured figures of merit are at least 1 order of magnitude greater than those reported in recently published papers, 53−59 opening up the possibility to use plasmonic interferometers for detection of low concentrations of clinically relevant molecules. Moreover, the typical sensing volume of a plasmonic interferometer is only 20 fL, which corresponds to a sensed mass of 0.02 fg or ∼67 000 molecules (see the Supporting Information, section 10). If desired, sensing specificity can be achieved for multiple analytes by functionalizing the surface with antibodies that have high affinity to specific analytes.
In conclusion, we reported the design, fabrication, and characterization of a novel plasmonic sensor consisting of a nanoslit flanked by two nanogrooves with varying separation distances to define compact two-arm, three-beam interferometers. Light intensity transmitted through the slit carries information about the refractive index change determined by the analyte in the near field, as sampled by two counterpropagating SPPs interfering with the incident beam at the slit location. A theoretical model was developed to predict the optical response and sensitivities of plasmonic interferometers with varying arm lengths and wavelength. This model was validated experimentally and it allows extraction of useful physical parameters, such as the SPP excitation efficiency by diffractive scattering from a groove, and the refractive index of the dielectric material through which the SPPs propagate. To illustrate the potential of plasmonic interferometers for biochemical sensing, a proof-of-concept sensor chip was fabricated, consisting of thousands of plasmonic interferometers per square millimeter to detect glucose concentrations in aqueous solutions. The best sensor was able to detect glucose over a wide concentration range from 0.1 to 14 000 mg/dL, using a sensing volume of only 20 fL, covering a refractive index change of 0.02. Wavelength sensitivities from ∼370 to 630 nm/ RIU and relative intensity changes from ∼10 3 to 10 6 %/RIU were experimentally demonstrated, with a resolution of ∼3 × 10 −7 RIU. These results show that plasmonic interferometry is a promising approach for the development of high-throughput, extremely compact biochemical sensors amenable to large scale integration on-chip, and able to provide (for example) a noninvasive technique for measuring glucose using saliva, where typical concentrations are between 0.36 and 4.3 mg/dL, a range amply covered by plasmonic interferometers. Densely spaced arrays of highly integrated plasmonic interferometers have the potential to dramatically impact the throughput capabilities of existing assays relevant to human health, and can serve as an alternative high-throughput scheme for faster drug discovery, efficient identification of protein−protein binding interactions, and screening of novel therapies.
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